ABSTRACT: Four experiments were conducted to determine the nutritional value of flaxseed meal [FSM; 133 g of ether extract (EE) and 343 g of CP/kg of DM] for swine. In Exp. 1, apparent fecal digestibility (AD) of DM and EE, and the DE and NE contents were determined in growing pigs (n = 32; initial BW, 70 ± 3 kg) and gestating sows (n = 24; parities, 2 to 4). Diets contained 0, 100, 200, or 300 g of FSM/kg at the expense of wheat, barley, and soybean meal. Fecal samples were collected for 3 d after a 9-d adaptation. The AD for DM and EE were 72.0 ± 0.4% and 67.4 ± 4.7%, respectively, for growing pigs and 68.0 ± 0.5% and 48.9 ± 1.9% for sows. The DE content was 3.51 and 3.54 Mcal/kg for growing pigs and gestating sows, and NE was estimated to be 2.43 and 2.44 Mcal/ kg for growing pigs and sows, respectively. Five ileally cannulated barrows (initial BW, 38 ± 3 kg) were fed semi-synthetic diets containing 400 g of FSM/kg for a 7-d period (4-d adaptation and 3-d collection) then 7 d of N-free diet to determine basal endogenous N losses in Exp. 2. Standardized ileal digestible AA contents were 29.6 ± 1.0, 5.7 ± 0.3, 12.1 ± 0.8, 16.8 ± 1.0, 10.3 ± 0.4, 5.3 ± 0.3, 14.0 ± 0.7, 9.4 ± 0.5, 2.9 ± 0.2, and 13.8 ± 0.8 g/kg of dry FSM for Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val, respectively. In Exp. 3, the AD of P and the effects of phytase inclusion on P availability were determined. Five groups of 8 barrows (initial BW, 45 ± 4 kg) were fed a 300 g of FSM/ kg semi-synthetic diet with increasing concentrations of exogenous phytase [0, 575, 1,185, 2,400 and 2,570 phytase units (FTU)/kg]. The AD of P increased from 21 to 61% (P < 0.001). Broken-line analysis estimated the optimal phytase inclusion rate to be 1,415 FTU/ kg of diet. Growth performance and carcass fatty acid (FA) profiles of pigs fed FSM were determined in Exp. 4. Two hundred pigs (100 barrows and 100 gilts; initial BW, 32 ± 4 kg), blocked by sex, were housed in groups of 5 pigs per pen and fed 1 of 4 diets containing 0, 50, 100, or 150 g of FSM/kg. Six market pigs per diet were selected for carcass FA analysis. The ADG, ADFI, and G:F were not affected by dietary FSM (P > 0.05). Increasing FSM in the diet from 0 to 150 g of FSM/kg increased the α-linolenic acid content from 11.1 ± 0.2 to 47.4 ± 1.2 mg/g of backfat (P < 0.001) and from 5.0 ± 0.1 to 10.1 ± 0.6 mg/g of loin tissue (P < 0.001). Flaxseed meal despite its deficiency in lysine can be included up to 150 g/kg of diets for swine and will contribute to the enrichment of the carcass with n-3 fatty acids.
INTRODUCTION
Consumers have become increasingly aware of the health benefits associated with essential fatty acids (Simopoulos, 1999 ). The n-3 fatty acids have been implicated in improving human health by reducing the risk of cardiovascular diseases (Masood et al., 2005) , improving visual acuity and cognitive functions (Carlson et al., 1996) , and having anticancer properties (Chen et al., 2002) . As consumer awareness of these benefits continues to increase, the demand for n-3 enriched products also increases.
Livestock producers are continually looking for new ingredients to include in diets to help reduce feed costs and to produce a final product that will meet specific consumer demands. Flaxseed, the richest land-based source of the n-3 fatty acid α-linolenic acid (ALA; Cunnane et al., 1990) , has been shown to enrich the pig carcass with ALA (Romans et al., 1995a,b; Enser et al., 2000) when included in the diet of pigs. Feeding flaxseed can be costly; however, it may be possible to obtain similar effects by feeding flaxseed meal (FSM), a by-product of the flax crushing industry that can contain up to 120 g of oil/kg, depending on the extraction methods utilized. Flaxseed meal could be of great interest to the pork industry in terms of reducing feeding costs and potentially enriching the pig carcass with ALA.
Currently, there is very little information regarding the use of FSM in swine nutrition. To test the hypothesis that pig productivity could be maintained when feeding FSM-based diets, the study was designed to determine the nutritional profile of FSM (nutrient digestibilities, DE and NE content, and P availability) and to evaluate the effects of dietary inclusion on pig performance and carcass fatty acid profile. Effects of microbial phytase inclusion on P availability in FSM were also tested due to growing concerns regarding livestock production and P excretion into the environment.
MATERIALS AND METHODS
Animal care and use for these experiments was approved by the University of Saskatchewan Committee on Animal Care and Supply. Animals were cared for under the guidelines of the Canadian Council on Animal Care (CCAC, 1993) .
General
All experiments were conducted at the Prairie Swine Centre Inc., Saskatoon, Saskatchewan, Canada. The FSM utilized in these experiments was obtained from a commercial company (Vandeputte S.A., Mouscron, Belgium). The chemical composition of FSM is shown in Table 1 . All animals used throughout these experiments were housed in temperature-controlled rooms according to the thermoneutral zone for the specific age group. Lighting was maintained on a 12 h light:dark cycle. All pigs were PIC genetic lines (Camborough Plus females × C337 sires, PIC Canada Ltd., Winnipeg, Manitoba, Canada).
Exp. 1
Animals and Housing. To determine the nutrient digestibility and energy content of FSM, a total of 32 barrows (initial BW, 70 ± 3 kg) and 24 gestating sows (between d 35 and 80 of gestation; parities 2 to 4) were used. Barrows were housed in individual pens measuring 0.91 × 1.83 m with fully slatted, precast concrete floors and solid polyvinyl chloride (PVC) planked sides. Each pen contained a single space dry feeder at the front and a nipple drinker on the center of the back wall. Sows were housed in gestation stalls measuring 0.58 × 2.16 m with fully slatted, precast concrete floors. Each crate was equipped with a single space dry feeder and water nipple drinker at the front. Water was provided ad libitum throughout the experiment.
Dietary Treatments. Four dietary treatments contained 0 (basal diet), 100, 200, or 300 g of FSM/kg. The basal diet was composed of barley, wheat, soybean meal, and a vitamin and mineral premix ( Table 2 ). The FSM was included at the expense of the barley, wheat, and soybean meal. The vitamin and mineral premix remained constant; however, the amount of dicalcium phosphate decreased with increasing FSM because of the elevated P content in FSM. Each diet contained insoluble ash (Celite 545, Celite Corporation, Lompoc, CA) to be used as an internal marker for digestibility calculations (Beaulieu et al., 2007) . Sows received 2.7 kg of feed per day, fed once daily at 0800 h, whereas the barrows received feed ad libitum.
Experimental Procedure. The barrows and sows were randomly allocated to 1 of the 4 dietary treatments in a completely randomized design with 8 barrows or 6 sows per treatment. Pigs were acclimated to their diets for 9 d, and feces from all pigs were then collected once per day for 3 d by grab sampling directly from the pig, ensuring no fecal-to-floor contact occurred during collection. The samples were pooled by pig and kept frozen at −18°C until the time of analysis. Analytical Methods. Before chemical analysis, fecal samples were pooled by pig. All experimental diets and freeze-dried fecal and digesta samples were ground through a 1-mm screen (Retsch Mill ZM1, Newtown, PA). Measures of proximate analysis included DM (method 930.15; AOAC, 1990), ash (method 942.05; AOAC, 1990) , N (method 968.06 using a Leco FP-528 analyzer, St. Joseph MI; AOAC, 1990), ether extract (EE; method 920.39 using a Soxhlet apparatus and petroleum ether; AOAC, 1990) , crude fiber (method 978.10 using crucibles; AOAC, 1990), NDF (method 2002.04 using crucibles; AOAC, 2006), ADF (method 973.18 using crucibles; AOAC, 1990) , and GE by adiabatic calorimetry (IKA Calorimeter C5003, Wilmington, NC). Diet and fecal samples were analyzed gravimetrically for AIA content after treatment with 3 N HCl.
Exp. 2
Animals and Housing. Standardized ileal AA digestibility (SID) was determined using 5 growing barrows (initial BW, 38 ± 3 kg) fitted with T-cannulas at the terminal ileum. The pigs were housed in individual metabolism pens measuring 1.5 × 1.5 m. The pen floors were constructed of plastic coated expanded metal, and pen siding was sturdy PVC planking. Each pen was also equipped with a single space dry feeder and a bowl drinker on the front wall. Water was provided ad libitum, and pigs were allowed full freedom of movement throughout the experiment.
Dietary Treatments. After the postsurgery recovery period, each pig was fed a semi-synthetic diet, in which 394 g of FSM/kg was the only N source for 7 d and supplemented with chromic oxide as an indigestible marker (Table 2 ). They were then fed an N-free synthetic diet for another 7-d period to determine the basal ileal endogenous N losses. All pigs were consuming, on a daily basis, an amount corresponding to 90 g of DM/kg of BW 0.75 throughout the course of the experiment.
Experimental Procedure. Barrows were fitted with T-cannulas at the terminal ileum using a method adapted from Wubben et al. (2001) . All pigs were given 7 d to recover from surgery before experimental diets were fed. During this time, pigs were fed gradually increasing amounts of a high-quality starter diet and were monitored carefully for signs of infection or surgical complications. Body temperature, body condition, feed intakes, and bowel movements were all recorded daily during the recovery period. After a full recovery period, barrows were fed their experimental diets for two 7-d periods. These periods consisted of a 4-d dietary acclimation period followed by a 3-d digesta collection period. One pig refused to consume the Nfree diet, and thus, 5 pigs were used for the FSM-based collections, whereas only 4 pigs were used for the N-free collections. During the collection periods, plastic bags containing 10 mL of formic acid (10% vol/vol) to stop bacterial activity (Fan and Sauer, 2002) were attached to the cannulas and were replaced when partially full. Daily collection periods lasted for 9 h beginning at 0800 h. Analytical Methods. Ileal digesta samples were pooled by pig, mixed, and an aliquot was freeze-dried. After drying, the samples were analyzed for DM, N, AA at University of Manitoba (Winnipeg, Manitoba, Canada; method 994.12 by ion exchange chromatography; AOAC, 1995), and chromic oxide (Williams et al., 1962) . The experimental diets were analyzed for the same variables as well as the proximate analysis as described previously.
Exp. 3
Animals and Housing. Five treatment groups, each with 8 barrows (initial BW, 46 ± 4 kg), were used to determine the availability of P in semi-synthetic diets containing 300 g of FSM/kg and to determine the effects of microbial phytase inclusion on its availability. All barrows were housed in individual pens as described for Exp. 1. Feeders were adapted to trough feeders to allow the diet to be mixed with water to improve palatability.
Dietary Treatments. Five diets with 300 g of FSM/kg as the only source of organic P and containing increasing concentrations of phytase [0, 500, 1,000, 1,500, and 2,000 phytase units (FTU)/kg] were used for this experiment. The basal diet is shown in Table 2, and microbial phytase (Phyzyme XP 5000G; EC 3.1.3.26, Danisco Animal Nutrition, Marlborough, UK) was included at analyzed concentrations of 0, 575, 1,185, 2,400 and 2,570 FTU/kg of diet, where 1 FTU is defined as the amount of enzyme required to liberate 1 µmol of inorganic P from sodium phytate per minute at 37°C. The diets were mixed with water at the time of feeding to improve palatability, and pigs were fed a daily allowance corresponding to 90 g of DM/kg of BW 0.75 . Experimental Procedure. Pigs were randomly assigned to the 5 dietary treatments in a completely randomized design. The pigs were acclimated to their diets for a period of 12 d followed by 3 d of fecal collections. The fecal samples were collected via grab sampling directly from the pig to avoid any fecal-to-floor contact, and each collection occurred 1 h postfeeding. Fecal samples were kept frozen at −18°C until further analysis.
Analytical Methods. For each pig, the fecal grab samples were pooled and mixed, and an aliquot was prepared for freeze-drying. The fecal samples were analyzed for DM and AIA, as described previously, and total P (dry ash method using ammonium metavanadate colorimetry; ICARDA, 2001). The experimental diets were subjected to full proximate and total P analyses as described before and also analyzed for phytase activity using the method described by Cowieson and Ravindran (2007) at a commercial laboratory (Danisco Animal Nutrition).
Exp. 4
Animals and Housing. Two hundred growing pigs (initial BW, 32 ± 4 kg) were used to determine the effects of FSM inclusion on pig performance. The pigs were divided by sex (100 barrows and 100 gilts) and were housed in groups of 5 pigs per pen for a total of 40 pens. Each pen measured 1.7 × 2.4 m and consisted of fully slatted, precast concrete floors with PVC planked sides. Each pen had a single-space feeder located at the front and a water nipple drinker located on the back wall, allowing for ad libitum access.
Dietary Treatments. Pigs were fed 4 diets containing 0, 50, 100, or 150 g of FSM/kg (Table 3) . These dietary treatments were further divided into 3 phases (32 to 60, 60 to 85, and 85 to 115 kg) to meet the requirements of the pigs as they grew. As the average BW of the pigs with each pen reached a new phase category, the entire pen was changed to the new diet. Diets were balanced for NE and digestible AA content. The NE was estimated using FSM containing 81 g of oil/kg (INRA, 2004 ) with a correction factor for the greater oil content of the experimental FSM based on an 80% digestibility coefficient. The digestible AA values were estimated using the coefficients of digestibility for canola meal (NRC, 1998) because the results for Exp. 1 and 2 were unavailable at the time of diet formulation. The FSM was included at the expense of wheat and soybean meal. Peas were included into the diets to help balance for NE and Lys.
Experimental Procedure. Pens containing 5 pigs each were blocked by sex and randomly assigned to 1 of 4 dietary treatments in a randomized complete block design. Each treatment had 50 pigs with 10 pens per treatment (5 pens of barrows and 5 pens of gilts). The pigs were weighed every other week and average BW of pigs within a pen determined. Feeders were weighed at the same time as animal BW were collected, and the amount of all feed added to each pen was recorded for the duration of the experiment. As individual pigs reached a target market BW of 115 kg, they were removed from the pen and marketed on a weekly basis; thus, not all pigs were used for the ADG, ADFI, and Flaxseed meal in swine nutrition G:F calculations for the last few periods. As individual pigs were removed from a pen (either marketed or became ill), they were weighed and feeders were weighed to adjust the pen data. At the time of market, 6 pigs per treatment group (total of 24 pigs) were randomly selected from different experimental pens, and backfat (inner and outer layers) and rib-end loin samples (LM) were collected at the slaughterhouse for fatty acid analysis. Analytical Methods. The experimental diets were analyzed for their proximate composition as described previously, and the FSM, diets, backfat, and loin samples were analyzed for palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1n-9), linoleic acid (C18:2n-6), and ALA (C18:3n-3) concentrations. These fatty acids were selected for analysis as they are the 5 major fatty acids in FSM. The fatty acid composition was determined by GLC (Agilent 6890 system with Agilent ChemStation software; Agilent Technologies, Mississauga, Ontario, Canada). Loin samples were trimmed of any visible backfat and de-boned before analysis. Both loin (rib end) and backfat (both layers) samples were frozen and uniformly ground (Moulinette Food Chopper; Moulinex, Ecully Cedex, France). Direct fatty acid methylation was then performed according to the procedure described by O'Fallon et al. (2007) . Nonmethylated C13:0 (Sigma-Aldrich Inc., St. Louis, MO) was used as the internal standard, and all other chemicals used were of GLC grade (Sigma-Aldrich Inc.).
Fatty acid methyl ester samples were compared with palmitic, stearic, oleic, linoleic, and ALA methylated reference samples (Nu-Chek Prep Inc., Elysian, MN) using a GLC program, which was a slightly modified version of the procedure described by O'Fallon et al. (2007) . The machine was set for a 1.0-µL injection and split at a ratio of 30:1. The injector set points were a temperature of 260°C, pressure of 172 kPa, and a total flow for the carrier gas (helium) of 23.4 mL/min. The initial oven temperature was set to 140°C and held for 5 min. The temperature was ramped up at a rate of 20°C/min to a maximum of 240°C and held for 25 min. The total run time for analysis was 35 min. The stationary phase was a Supelco fused silica capillary column SP 2560 (Sigma-Aldrich Inc.). The LM samples were also analyzed for their total EE content (method 920.39 using a Soxhlet apparatus and petroleum ether; AOAC, 1990).
Calculations and Statistical Analysis
The apparent digestibility (AD) of the different nutrients in Exp. 1 and 3 were calculated for each pig based on the correction of the AIA content using the equation
where IA d and IA f are the AIA contents in the diets and feces, respectively, and N d and N f are the nutrient (DM, GE, EE, or ash) contents in the diets and feces, respectively.
The DE content of each diet was calculated for Exp. 1 (GE × dGE, with dGE being the digestibility of GE). The AD of each of the nutrients in FSM alone was then calculated both by use of regression equations, extrapolating for 100% FSM, and by means of a difference equation for each of the diets containing 100, 200, and 300 g of FSM/kg.
The NE of FSM was calculated using a prediction equation that considers the chemical composition of the ingredient and its DE content measured in kilocalories per kilogram (Noblet et al., 1994) : with EE (%), CP (%), and ADF content (%) of the FSM, all on a DM basis.
The AD values determined for diets containing increasing concentrations of FSM in Exp. 1 were analyzed as a completely randomized design 1-way ANO-VA model with PROC MIXED (SAS Inst. Inc., Cary, NC). Linear and quadratic regression contrasts were included in the analysis.
For Exp. 2, the SID of the AA in FSM was calculated using chromic oxide as the indigestible marker. After analysis of the digesta from the FSM-fed pigs, SID was calculated by accounting for the basal endogenous losses determined from feeding the N-free diet, using the following equation:
[3]
The apparent ileal digestibilities (AID) of AA were also calculated using Eq. [3] minus the correction for the endogenous N losses.
In Exp. 3, the apparent fecal digestibility of DM and P in diets containing 300 g of FSM/kg with added microbial phytase in growing pigs were analyzed statistically using a completely randomized design with 1-way ANOVA and PROC MIXED of SAS. Linear and quadratic regression contrasts were included in the analysis, and 2 separate quadratic regression equations were developed, in which P digestibility (%) or P excretion (g of P/kg of DM intake) was the dependent variable and exogenous phytase inclusion (FTU/kg of diet) was the independent variable. A broken-line regression analysis was performed using PROC NLIN of SAS to determine the optimal concentration of microbial phytase inclusion in terms of the apparent P digestibility. The singleslope model utilized was y = L + U × (R -x), where (R -x) is defined as zero when x > R, as discussed by Robbins et al. (2006) . For all statistical analyses, P < 0.05 was considered to be significant, and all values are reported as the least squares mean ± SEM. Eastwood et al. In Exp. 4, the pig performance calculations were determined for each dietary phase (32 to 60 kg, 60 to 85 kg, and 85 to 115 kg) and for the overall time period of the experiment (32 to 115 kg). These calculations included the ADG, ADFI, and G:F of the pigs. The effects of FSM inclusion on pig performance, carcass FA profiles, and total fat were analyzed using PROC MIXED of SAS as a randomized complete block design with 2-way ANOVA and sex as the block. Orthogonal polynomials were used to assess the effect of dietary FSM. The ADG, ADFI, G:F, and each FA in the LM and backfat were analyzed using the same model.
RESULTS

Exp. 1
The fecal AD for diets containing 0, 100, 200, and 300 g of FSM/kg of diet are shown in Table 4 . For growing pig, the AD of the EE fraction increased linearly (P < 0.001), whereas DM (P = 0.003) and GE (P < 0.001) decreased linearly as the content of dietary FSM increased. For gestating sows, the AD of DM, N, and GE decreased and EE increased as the dietary FSM increased (linear P < 0.001).
The AD of the energy and nutrients in FSM alone were calculated by regression and difference. The regression method was not used to calculate the AD of N and DE and NE contents for growing pigs and DE and NE contents for gestating sows because there were no linear relationships between the AD and dietary FSM. There seemed to be no differences in the AD of nutrients or the DE and NE contents of FSM between barrows and gestating sows.
Exp. 2
The AID and SID of AA in FSM, along with the amounts of apparent and standardized ileal digestible AA in FSM, are shown in Table 5 . The AID values ranged from 25.1 to 86.1% on a DM basis, whereas SID values ranged from 70.5 to 95.0%. The digestibilities of Thr and Cys were low, with the AID values falling below 60% and the SID values at 73%. The digestibility of Trp was also low with the AID value of 25% and the SID value of 70%.
Exp. 3
The analyzed phytase activity values of the 5 experimental diets were 127, 701, 1,313, 2,530, and 2,696 FTU/kg of diet. The diet with 127 FTU/kg contained no exogenous phytase, indicating that FSM has endogenous phytase activity. The diet contained 30% FSM; thus, FSM alone has an endogenous phytase activity content of 423 FTU/kg. When accounting for this endogenous activity, the activity of microbial phytase added to each of the diets was 0, 575, 1,185, 2,400, and 2,570 FTU/kg, as mentioned previously. Table 6 shows the effect of microbial phytase inclusion on apparent DM and P digestibility and P excretion. Increasing concentrations of microbial phytase improved P digestibility from 20.6 to 61.3% (linear and quadratic, P < 0.001) and DM digestibility from 82.0 to 86.1% (linear, P < 0.001; quadratic, P = 0.036). The results of the broken-line regression analysis indicated that the most effective concentration of exogenous phytase in diets containing 300 g of FSM/kg on the AD of P was 1,415 FTU/kg (P = 0.05; Figure 1 ). Increasing the exogenous microbial phytase from 0 up to 2,570 FTU/kg of diet also resulted in a decrease in P excretion from 2.9 to 1.4 g/kg of DMI (linear and quadratic, P < 0.001; Table 6 ). The quadratic regression equation was y = 3E-07x 2 + 0.0013x + 3.0335 with an R 2 value of 0.95, where y is P excretion in grams of P per kilogram of DMI, and x is microbial phytase inclusion in FTU per kilogram of diet. Table 7 outlines the effects of dietary FSM inclusion on pig performance in terms of ADG, ADFI, G:F, and carcass fatty acid profile. During phase 1 (32 to 60 kg) of the experiment, 13 pigs (1, 5, 4, and 3 from 0, 50, 100, and 150 g of FSM/kg treatments, respectively) were lost due to suspected porcine circovirus. There was no linear or quadratic effect of dietary FSM on ADG, ADFI, or G:F. There was also no effect of sex on ADG, ADFI, or G:F.
Exp. 4
For backfat, inclusion of up to 150 g of FSM/kg of diet resulted in linear reductions (P < 0.01) of palmitic acid and stearic acid. Similarly, linear increases were observed in linoleic acid (linear, P = 0.008) and ALA (linear, P < 0.001). The concentration of ALA increased from 11 to 47 (pooled SEM, 0.8) mg/g of backfat. For the rib-end LM samples, dietary FSM inclusion had effects on linoleic acid (linear, P = 0.02) and ALA (linear, P < 0.001), increasing linoleic acid from 13 to 16 (pooled SEM, 0.8) mg and ALA from 5 to 10 (pooled SEM, 0.4) mg/g of loin. The total fat content of the loins did not increase as dietary FSM increased (P > 0.05; data not shown).
DISCUSSION
The FSM used throughout this study was produced using a double screw pressure method, which consists of a cold followed by a warm press oil extraction. The FSM produced under these conditions contain 130 g Table 7 . Average daily gain, ADFI, and G:F of pigs fed with graded levels of flaxseed meal (FSM) and the fatty acid content of backfat and loins, Ten experimental units of 5 pigs per pen were used per treatment for the growth component, and 6 pigs per treatment were used for fatty acid analysis.
2
Thirteen pigs were lost due to suspected circovirus during the 32-to 60-kg phase (1, 5, 4, and 3 pigs fed the diets containing 0, 50, 100, and 150 g of FSM/kg, respectively).
of EE/kg of DM. The average EE content reported in the literature is 56 g/kg on a DM basis, with minimum and maximum values of 30 and 81 g/kg, respectively (Batterham et al., 1991; Bell and Keith, 1993; INRA, 2004) . These values are for press-and solvent-extracted meals.
In Exp. 1, nutrient digestibilities were calculated by regression and difference techniques. For the difference method, it was important that the largest possible quantity of FSM be included at the expense of the basal diet to reduce the variability associated with nutrient digestibility calculations. However, large inclusion rates of a test ingredient containing high amounts of dietary fiber may interfere with the digestion of ingredients in the basal diet, rendering that inclusion rate useless for calculations (Leterme et al., 2009) . By utilizing 4 separate diets with increasing concentrations of FSM, it was determined that no dietary interactions were occurring observed with up to 300 g of FSM/kg of diet; thus, calculations by the difference for nutrient digestibilities and the DE content of FSM alone were determined using 300 g of FSM/kg dietary inclusion. The values obtained via the difference method tended to be less with greater variation than those obtained by the regression method.
The AD of GE in FSM was determined to be, on average, 72% when calculated by regression. This value is similar to the 73% reported by Bell and Keith (1993) ; however, the energy value of an ingredient is largely affected by the digestibility of the EE fraction and not solely by the GE content of the product. Unlike the other common meal products, for which the digestibility of EE is low (31% for canola meal; INRA, 2004) , the AD of oil for FSM was determined to be greater than 45% for gestating sows and 67% for growing pigs. Although the digestibility of EE was variable within this study, the values are comparable with those reported by INRA (2004) for solvent-extracted FSM (46%) and press-extracted FSM (68%). When compared with canola meal, FSM has a much greater quantity of digestible oil. Canola meal contains, on average, 20 to 30 g of oil/kg (INRA, 2004) , whereas the FSM contained 133 g of oil/kg. When accounting for the EE digestibility, canola oil contains approximately 9 g of oil/kg, which is available for use by the pig, whereas that of FSM is approximately 58 g/kg.
The DE content of FSM for growing pigs and sows is greater than those reported by INRA (2004) for canola meal (2.8 to 3.0 Mcal/kg) and comparable with those reported for soybean meal (3.5 to 3.7 Mcal/kg); however, the NE values determined in this study are greater than the NE values reported for other oilseed meals (1.5 to 1.6 Mcal/kg for canola meal and 1.9 to 2.0 Mcal/kg for soybean meal); thus, it is unlikely that the energy content of FSM will be a limiting factor for diet formulation.
The similarity between the DE and NE contents obtained in the growing pigs and sows was unexpected because sows generally have a greater capacity to digest and utilize energy and nutrients; however, the growing pigs utilized for this study had initial BW of 70 ± 3 kg. Growing pigs of this age would have well developed gastrointestinal tracts relative to young pigs, and their digestive capacity would be comparable with that of sows. Leterme and Théwis (2004) suggested that pigs with a BW greater than 60 kg have a digestive capacity similar to that of pigs with a BW greater than 105 kg. A large portion of the digestive capacity of an animal is related to the mean dietary retention time (MRT) of the indigestible particles in the gastrointestinal tract. The longer a diet or ingredient can be retained within the GIT, the greater the time available for digestion. Although values of MRT reported in the literature are variable, Le Goff et al. (2002) reported that adult sows have a MRT of 81 h, and Van Leeuwen et al. (2006) reported that pigs between 50 and 120 kg of BW had an average MRT of 75 h. This is different from the MRT reported for young pigs (33 kg of BW), which was 33 h (Le Goff et al., 2002) . Because the MRT between the 2 groups of pigs used in this study may have been comparable, it would be expected that the DE and NE contents of FSM for the 2 groups would also be similar. Recent findings by Noblet et al. (2008) also showed that there is no difference between growing pigs weighing 60 kg and sows in terms of the DE and NE contents of ground and extruded flaxseed.
Flaxseed meal is a decent source of protein for the pig in terms of its energy content, AA profile, and digestibility. Flaxseed meal contains 343 g of CP/kg of DM and appreciable amounts of many of the essential AA. The SID coefficients for the indispensable AA range from 70 to 90%, which affects the overall protein quality of the product; however, the amounts of SID indispensable AA in FSM are very similar to those reported for canola meal (NRC, 1998) , with the exception of Arg and Lys. Flaxseed meal contains 10 g/kg more Arg than does canola meal, but falls short in terms of Lys. The amount of Lys in FSM is small (3.6% of CP) in comparison with other oilseed meal products and when compared with the requirements of the pig (5.3% of CP for pigs 25 to 50 kg; NRC, 1998) . This is also confounded by the fact that FSM has a low Lys digestibility (74%). The low Lys content digestibility will be the primary limiting factor for dietary FSM inclusion.
The total P content in FSM was 8.8 g/kg of DM. This is similar to the values reported by NRC (1998) for canola meal (10.1 g of P/kg of DM) and soybean meal (7.3 g of P/kg of DM). Similar to other plants, upwards of 60 to 70% of the total P is bound to phytic acid (Peeler, 1972) , rendering it unavailable for digestion by nonruminant animals because they lack the required phytase enzyme to break apart the bond and release the P (Nelson, 1967) . Some plant species contain appreciable amounts of endogenous phytase activity, which will help to release the P from the phytate bond. Wheat and barley contain, on average, 460 and 540 FTU/kg of endogenous phytase, respectively, whereas canola meal and soybean meal contain only 10 and 20 FTU/kg, respectively (INRA, 2004) . The amount of endogenous phytase activity in FSM was determined to be 420 FTU/kg; thus, the availability of P in FSM may be greater than that of the other oilseed meal products.
In Exp. 3, inclusion of phytase up to 575 FTU/kg of diet accounted for one-half of the total increase in P digestibility (20 percentage units) and improved P absorption by 0.65 g/kg of DM intake, which corresponded with a reduction in P excretion by 850 mg/ kg of DMI [1.48 mg of P/(kg of DMI•FTU)]. The increase in exogenous phytase from 575 to 1,185 FTU/kg of diet released an additional 0.39 mg of P/kg of DMI per unit of phytase activity. Several studies have shown significant improvements in P digestibility when feeding semi-synthetic diets. Traylor et al. (2001) reported that the addition of 1,000 FTU/kg improved the AD of P by 30% in semipurified diets containing soybean meal (300 g/kg inclusion) as the only P source. The authors also noted that the majority of the improvement in P digestibility occurred at the first supplementation level of 500 FTU/kg, as observed in Exp. 3. Similar improvements in P digestibility from corn-soybean meal-based diets have been reported by Jongbloed et al. (1992) , Lei et al. (1992) , and Cromwell et al. (1995) . Despite the most significant improvements occurring with just 575 FTU/kg, the most effective point of inclusion, as determined via the broken-line analysis, was 1,415 FTU/kg.
In Exp. 4, the ADG of the pigs was not affected by dietary FSM inclusion. The diets were formulated to be balanced for NE and digestible AA contents and to meet the specific nutrient requirements of the animals as they grew. The DE and NE contents of FSM were estimated based on the values available in the literature for FSM containing 81 g of oil/kg (INRA, 2004 ) with a correction factor for the greater oil content because the results for DE and NE content were unavailable at the time of diet formulation. The correction factor was based on the oil being essentially fully digestible, which was determined to be inaccurate based on the results of Exp. 1; however, the estimation of NE proved to be adequate for the growth experiment because the ADG did not decrease as dietary FSM increased. The digestible AA values for FSM were estimated based on the coefficients of digestibility for canola meal (NRC, 1998) because actual SID values were also unavailable at the time of diet formulation. This estimate was determined to be adequate in terms of meeting the requirements of the animals because if these requirements were not met, the animals receiving FSM in their diets would not have gained BW at an equal rate to the pigs receiving 0 g of FSM/kg of diet.
The findings of Exp. 4 were contradictory to 2 previous studies (Batterham et al., 1991; Bell and Keith, 1993) , which have shown that dietary inclusion of FSM beyond 100 g of FSM/kg of diet has had a negative impact on growth performance of pigs. In the study by Bell and Keith (1993) , FSM was incorporated at the direct expense of soybean meal without correcting for the digestible AA supply or the energy content of the feed ingredients. Batterham et al. (1991) reported decreased ADFI with pigs consuming 300 g of FSM/kg of diet, indicating that diet palatability was a problem. In the current experiment, ADFI was not affected at all inclusion rates; therefore, palatability was not of concern.
Although ADG was not statistically affected throughout the experimental period, there was an outbreak of circovirus immediately before the start of this study. A total of 13 pigs were removed from the experiment. Pigs were affected across all treatment groups; however, 70% of those removed because of the virus were from the 50 and 100 g of FSM/kg inclusion groups. It is possible that many pigs had subclinical infections, which could have easily affected BW gains because the body is working toward clearing the infection instead of toward growth (Le Floch and Sève, 2000) .
It is difficult to formulate diets containing greater than 150 g of FSM/kg because of the reduced Lys content. To balance the diets for digestible Lys, especially during the growing phases when dietary Lys requirements for the animals are increased, Lys supplementation will be required. To ensure that the diets used in Exp. 4 met the digestible Lys requirements of the animals, a combination of field peas and synthetic Lys were included. Field peas are complementary to FSM in terms of the AA profile (increased Lys and decreased sulfur AA). The inclusion of synthetic Lys in the diets decreased as the pigs grew (phase 1 vs. phase 3), thus, it will be more cost effective to include FSM in finisher as opposed to grower diets.
Inclusion of up to 150 g of FSM/kg in the diets of finishing pigs had significant impacts on the carcass fatty acid profile. The LM samples from pigs fed the diet containing 150 g of FSM/kg provided 1 g of ALA per 100-g serving size compared with 0.5 g of ALA for those from pigs fed the control diet. According to the dietary reference intakes, the daily n-3 fatty acid requirement is 1.6 g for adult males and 1.1 g for adult females (National Academy of Sciences, 2005); thus, a 100-g pork loin from a pig fed 150 g of FSM/kg of diet would meet 63 and 91% of the adult male and female daily requirements, respectively. A 100-g pork loin chop from a control pig would only meet 31 and 45% of the male and female dietary reference intakes, respectively. The results of this study indicated that a high-oil FSM has great potential to create an n-3 enriched pork product.
Increasing the unsaturated fatty acid content of meat has led to concerns regarding soft, runny fat and the presence of off-flavors. Iodine value (IV) can be used as an indicator for potential problems involving soft fat and storage problems (Madsen et al., 1992 ). An IV greater than 70 is indicative of soft fat (Barton-Gade, 1987) . The IV calculated for the carcass from pigs fed the diet containing 150 g of FSM/kg of diet was 58, thus alleviating the concern of developing soft, runny fat in pork.
In conclusion, FSM (containing 133 g of oil/kg on a DM basis) is a novel protein source that can be incorporated into swine diets. With the exception of its characteristic small Lys content, the CP fraction of FSM is comparable with that of canola meal in terms of quantity and quality (SID values). Flaxseed meal also contains greater DE and NE values compared with canola meal, thus making it an attractive alternative to other common protein sources. When diets are properly balanced to meet the NE and digestible AA requirements of the pigs, FSM can be included into diets without having adverse effects on ADG, ADFI, and G:F and can produce a carcass enriched with ALA. The FSM also contains increased endogenous phytase activity, and by combining this with the addition of exogenous phytase, P excretion into the environment can be substantially reduced.
